Abstract. Praziquantel causes adverse effects after short-term treatment. To examine the mechanism of these effects, we studied the distribution of Opisthorchis viverrini antigens and the expression of inducible nitric oxide synthase (iNOS), nuclear factor-B (NF-B), and antioxidant enzymes in O. viverrini-infected hamsters during short-term praziquantel treatment. Praziquantel-induced dispersion of parasite antigens produced a recruitment of inflammatory cells. NF-B and iNOS mRNA expression was significantly elevated and associated with their immunoreactivity in the bile duct epithelium and inflammatory cells. Plasma nitrate, end products of nitric oxide, and malondialdehyde level increased significantly. Expression of mRNA for antioxidant enzymes (superoxide dismutases, catalase, and glutathione peroxidase) also increased significantly, which suggests host defense against oxidative stress. These results suggest that short-term praziquantel treatment induces inflammation and resulting oxidative and nitrative stress through O. viverrini antigen release. Data in this study can be used as a basis to understand potential side effects of praziquantel treatment in humans.
INTRODUCTION
Opisthorchis viverrini is a liver fluke that is endemic in southeast Asia (Thailand, Lao People's Democratic Republic, Vietnam, and Cambodia). 1 Approximately six million people are estimated to be infected with the liver fluke in Thailand. 2 Opisthorchis viverrini infection is the major risk factor for development of cholangiocarcinoma (CCA) in northeastern Thailand, which has the highest incidence in the world. 1 Host immune response to this parasite during chronic infection is one of the major mechanisms leading to inflammationassociated carcinogenesis. 3 During chronic inflammation, reactive oxygen species (ROS) and reactive nitrogen species are generated from inflammatory and epithelial cells and play a key role in pathologic conditions and carcinogenesis. 4, 5 Praziquantel is the current drug of choice for treatment of O. viverrini infection and its cure rate is > 90%. 2 We have previously reported that O. viverrini infection mediates inducible nitric oxide synthase (iNOS)-dependent DNA damage in the intrahepatic bile duct epithelium and inflammatory cells of animals. 6, 7 This DNA lesion is reduced after one week of praziquantel treatment. 8 However, praziquantel induces considerable adverse clinical effects. Although several side effects occur within 24 hours, 9 the mechanism of side effects of short-term treatment with praziquantel has not been clarified.
Mast cell-dependent histamine release after short-term treatment with praziquantel in Schistosoma japonicuminfected mice may have implications for chemotherapyrelated adverse effects. 10 Mast cells generate not only acute inflammation, but also free radical production, which mediates anaphylactic reactions. 11 Several studies have proposed that reactive species such as nitric oxide (NO) may participate in side effects including anaphylactic reactions. [12] [13] [14] In addition, antioxidant defense against free radical production seems to be important in reducing oxidative damage. 15 To clarify the role of praziquantel in induction oxidative and nitrative stress during short-term treatment, expression of iNOS and its transcriptional factor nuclear factor-B (NF-B) in the liver of O. viverrini-infected hamsters treated with praziquantel was investigated at the mRNA and protein levels. Expression of antioxidant enzymes as a defense against oxidative damage, such as Cu/Zn-superoxide dismutase (SOD1), Mn-SOD (SOD2), extracellular SOD (SOD3), catalase (CAT), and glutathione peroxidase (GPx), was analyzed. Biochemical parameters including plasma nitrate levels, end products of NO, plasma malondialdehyde (MDA), an oxidative biomarker, and the ferric-reducing antioxidant power (FRAP) in plasma were also analyzed.
MATERIALS AND METHODS

Parasites.
Opisthorchis viverrini metacercariae were isolated from naturally infected fish by pepsin digestion as described previously. 7 The cyprinid fish, obtained from the parasite-endemic area of Khon Kaen Province, Thailand, were digested with 0.25% pepsin-HCl and washed several times with normal saline. Metacercariae were collected under a dissecting microscope and viable cysts were used to infect test hamsters.
Animal experiment. Sixty male Syrian hamsters approximately 6-8 weeks of age were used in this study and divided into 2 groups, uninfected and infected hamsters. For the infected group, 50 metacercariae of O. viverrini were given by intra-gastric intubation. After 12 weeks post-infection, both groups were treated with praziquantel (Biltricide, single dose of 400 mg/kg of body weight; Bayer, Pittsburgh, PA) suspended in 2% Cremophor EI (Sigma, St. Louis, MO), and killed at 6, 12, and 24 hours post-treatment. In addition, uninfected and infected hamsters that did not receive drug treatment were treated with 2% cremophor and referred to as normal controls and untreated controls (0 hours posttreatment), respectively. In this case, infected hamsters were referred to as untreated controls. Ten and five animals were used for each time point for O. viverrini-infected and normal control hamsters, respectively. Animals were housed under conventional conditions and fed a stock diet and water ad libitum. The protocol used was reviewed and approved by the Animal Ethics Committee, Khon Kaen University (Khon Kaen, Thailand).
Sample collection and pathologic study. Hamsters were anaesthetized with ether and blood was collected from the heart. Plasma was collected after centrifugation at 3,000 × g for 10 minutes at 4°C and stored at −80°C until used. The hilar region and adjacent areas of the liver were dissected and tissues were placed in 10% buffered formalin. After fixation overnight, they were processed in a conventional manner. Tissue sections (5-m thickness) were stained with hematoxylin and eosin to evaluate histopathologic changes and immunostained to observe the localization of O. viverrini antigens.
Preparation of parasite antigens and antibody production. Hamsters were infected with 50 O. viverrini metacercariae. After three months, adult worms were recovered from the liver and bile ducts for antigen preparations. Crude extract and excretory-secretory (ES) O. viverrini antigens were prepared as described previously. 16, 17 Antibodies against crude extract and ES antigens were produced using a standard method with minor modifications. 6 Parasite antigens were mixed with Freund's complete adjuvant and given to rabbits by subcutaneous administration. Six weeks after immunization, the same antigen was given and blood was collected 10 days later. The IgG fraction was purified by affinity chromatography using a protein A-Sepharose 4B column (Zymed, South San Francisco, CA). Purified antibodies were tested for cross-reactivity with other parasites by using an indirect enzyme-linked immunosorbent assay (ELISA) technique.
Enzyme-linked immunosorbent assay for confirmation of antibody production. Taenia saginata adults were obtained from an infected patient after drug treatment. Fasciola gigantica adults were collected from infected cattle in the field. Ancylostoma caninum and Angiostrongylus cantonensis adults, and sparganum (larva stage of Spirometra spp.) were obtained from infected experimental dogs, rats, and mice, respectively. Strongyloides stercoralis third-stage larvae were isolated from an agar plate culture from an infected patient. A crude extract of antigens of these parasites was prepared and indirect ELISA was performed as described previously. 17 The optimal condition for the indirect ELISA included 2.5 g/mL of parasite antigen, rabbit polyclonal antibody (diluted 1:800), goat anti-rabbit IgG horseradish peroxidase conjugate (diluted; 1:4,000, Zymed) and its substrate (p-phenylenediamine dihydrochloride; Zymed). The optical density (OD) was read at 492 nm. Antibodies were aliquoted and stored at −80°C until used for immunohistochemical staining.
Primer design for quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR) and sequence analysis. Oligonucleotide primers specific for the hamster (Mesocricetus auratus) database for iNOS, SOD3, and endogenous control (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) mRNA sequence were designed from sequences in GenBank (accession nos. DQ355357.1, AB212861.1, and DQ403054.1, respectively). Primer sequences are as follows: for iNOS, forward: (5Ј-CAGAACAGAGGGCTCAAAGG-3Ј), reverse (5Ј-TCTGCAGGATGTCTTGAACG-3Ј); for SOD3, forward (5Ј-GGCAGCCCTTGGCTCTGT-3Ј), reverse (5Ј-AAAGCTGGACTCCGCAGGAT-3Ј); and for GAPDH, forward (5Ј-AGAAGACTGTGGATGGCCCC-3Ј), reverse (5Ј-TGACCTTGCCCACAGCCTT-3Ј).
In addition, oligonucleotide primers specific to the Rattus norvegicus for NF-B and antioxidant enzymes SOD1, SOD2, CAT, and GPx were designed from sequences in GenBank (accession nos. XM_342346.2, NM_017050.1, NM_017051.2, NM_012520.1, and NM_030826.2, respectively). Primer sequences are as follows: for NF-B, forward (5Ј-GCTTTGCA AACCTGGGAATA-3Ј), reverse (5Ј-CAAGGTCAGAAT GCACCAGA-3Ј); for SOD1, forward (5Ј-CGGATGAAGA GAGGCATGTT-3Ј), reverse (5Ј-CACCTTTGCCCAAGT CATCT-3Ј); for SOD2, forward (5Ј-CCGAGGAGAAGT ACCACGAG-3Ј), reverse (5Ј-GCTTGATAGCCTCCAGC AAC-3Ј); for CAT, forward (5Ј-TTGACAGAGAGCGGA TTCCT-3Ј), reverse (5Ј-AGCTGAGCCTGACTCTCCAG 3Ј); and for GPx, forward (5Ј-GGTTCG AGCCCAACT TTACA-3Ј), reverse (5Ј-CGGGGACCAAATGATGTA CT-3Ј). The PCR products were confirmed after cloning into in-house constructed T-vectors and sequencing using respective gene-specific primers with Cy5-labeled primers (Applied Biosystems, Foster City, CA) in the MegaBACE™ 1000 DNA analysis System (Pharmacia, Piscataway, NJ). The DNA sequences were assembled and analyzed using BioEdit software (http://www.mbio.ncsu.edu/BioEdit). The BLAST network service was used to search the nucleotide and protein database at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov./BLASTn or BLASTX).
Preparation of RNA from livers of O. viverrini-infected hamsters with and without praziquantel treatment. Total RNA was isolated from the liver of O. viverrini-infected hamsters with and without drug treatment using TRIzol (Invitrogen, Carlsbad, CA) according to the protocol provided by the manufacturer. Approximately 150 mg of the hamster liver from hilar and adjacent areas was quickly dissected and dipped into TRIzol. Total RNA was treated with 5 units of DNase (Promega, Madison, WI) and 119 units of ribonuclease inhibitor (Promega) in 400 mM Tris-HCl, 100 mM NaCl, 60 mM MgCl 2 , 20 mM ditheothreitol, pH 7.5. Total RNA was extracted with phenol/chloroform, precipitated with ethanol, and dissolved in RNase-free water. Total RNA (3 g) was reverse-transcribed into cDNA using Oligo(dT)15 primers (Promega) following the protocol for transcription by Moloney murine leukemia virus reverse transcriptase (Promega). cDNA was used for real-time RT-PCR analysis.
SYBR green real-time RT-PCR analysis. Real-time RT-PCR for iNOS, NF-B, SODs, CAT, and GPx mRNA expression was performed using a SYBR green assay. The reaction mixture (20 L) contained 5 L of single-stranded cDNA (1:3), 1 × PCR buffer (20 mM Tris-HCl, pH 8.3, 20 mM KCl, 5 mM (NH 4 ) 2 SO 4 , 3 mM MgCl 2 ), 0.25 mM of each deoxynucleotide triphosphate, 5 pmol of forward and reverse primers, 0.5 × SYBR green, and 1 unit of Hot start Taq polymerase (MBI Fermantas, St. Leon-Rot, Germany). The PCR cycling conditions were 95°C for 10 minutes, then 40 cycles at 95°C for 1 minute, 55°C for 1 minute, and 72°C for 1 minute, followed by 72°C for 10 minute. At each cycle, the accumulated PCR products were detected by monitoring the increase in fluorescence of the reporter dye from dsDNA-binding SYBR green.
After the PCR, a dissociation curve (melting curve) was constructed in the range of 50°C to 99°C according to the dissociation protocol of the ABI7500 instrument (Applied Biosystems). All data were analyzed using Rotor Gene 5 software (Corbett Research, Sydney, New South Wales, Australia). Validation experiments were carried out in triplicate. Relative expression of iNOS, NF-B, SODs, CAT, and GPx mRNA was calculated using the comparative cycle threshold method as described previously. 18 All values were normalized to the GAPDH gene and reported as fold change over background levels detected in normal hamsters without praziquantel treatment as a calibrator.
Immunohistochemical study. We performed an immunohistochemical study to examine the localization of O. viverrini antigens using rabbit polyclonal antibody against crude extract or ES O. viverrini antigen (each diluted 1:300). Sections were incubated with goat anti-rabbit IgG antibody conjugated with horseradish peroxidase (diluted 1:200) and visualized with 3,3-diaminobenzidine tetrahydrochloride as a chromogen.
Co-localization of iNOS and NF-B in hamster liver was assessed by a double immunofluorescence-labeling study. 7 Paraffin sections (5-m thickness) were incubated with primary antibodies (rabbit polyclonal anti-iNOS antibody diluted 1:300; Calbiochem-Novabiochem Corporation, San Diego, CA) and mouse monoclonal anti-NF-B p65 antibody (diluted 1:300; Santa Cruz Biotechnology, Santa Cruz, CA) overnight at room temperature. Sections were incubated for three hours with an Alexa 488-labeled goat anti-mouse IgG and an Alexa 594-labeled goat anti-rabbit IgG (each diluted 1:400; Molecular Probes Inc., Eugene, OR). Stained sections were examined using a fluorescence microscope.
Histopathologic changes were assessed using hematoxylin and eosin staining of the paraffin sections that were processed in a conventional manner. In addition, tissue mast cells in inflamed areas were examined using aldehyde fuchsin staining. The number of mast cells was counted in the inflamed areas around the bile ducts with and without O. viverrini in the tissue section.
Analysis of biochemical parameters. The amount of NO production was determined as nitrate in plasma by the vanadium-based simple spectrophotometric method using the Griess reaction 19 with minor modifications. The assay was performed in a standard, flat-bottomed, 96-well, polystyrene microtiter plates. Nitrate concentration in the biological samples was measured after catalyzed reduction to nitrite using VCl 3 . Plasma (100 L) was deproteinized to reduce turbidity with 200 L of cold absolute methanol:diethyl ether (3:1, v/v) for 30 minutes at −80°C. Samples were centrifuged at 12,000 × g for 10 minutes and the supernatant was analyzed. After 100 L of supernatant or nitrate standard was added to a well, 100 L of VCl 3 was added, followed by immediate addition of 100 L of the Griess reagent (premixed 50 L of 2% sulfanilamide in 5% HCl and 50 L of 0.1% of N-(1-naphthyl) ethylenediamine dihydrochloride). The contents were vigorously mixed and the plate was incubated for 20 minutes at 37°C and absorbance was read at 540 nm.
A thiobarbituric acid reactive substances (TBARS) reaction equivalent to MDA was measured as described previously. 20 The TBARS were determined with fluorescence spectrofluorometry (GEMINI XPS; Molecular Devices, Sunnyvale, CA) with 520 nm excitation and 550 nm emission, using 1,1,3,3-tetramethoxypropane as the standard.
The FRAP in the plasma was measured by spectrophotometric analysis. 21 Figure 1 shows the distribution of O. viverrini antigens in livers of O. viverriniinfected hamsters treated with praziquantel and evaluated using rabbit polyclonal antibody against crude extract of O. viverrini. At 6, 12, and 24 hours, O. viverrini antigens were identified not only in the worm but also in the destructive parasite in the bile duct lumen and bile duct epithelial cells. Intense immunoreactivity of these antigens was observed in the bile duct lumen around the worm at 6 hours. At 6 and 12 hours, O. viverrini antigens were observed in the bile duct epithelium but they decreased by 24 hours. In contrast, antigen was present mainly in the parasite in O. viverrini-infected hamsters not treated with praziquantel ( Figure 1C) , and other cell types (i.e., damaged liver cells and macrophages) were faintly stained as reported previously. 16 In addition, intense immunoreactivity was not observed at 12 hours in the normal control and the normal hamster treated with praziquantel. The same result was obtained by using rabbit polyclonal antibody against ES of O. viverrini.
Effect of praziquantel on histopathologic changes in livers of O. viverrini-infected hamsters. Figure 2 shows histopathologic changes in livers of O. viverrini-infected hamsters that were treated with praziquantel. After treatment, parasites remained in the bile duct lumen in 100% (10 of 10) of the hamsters at 6 hours and 20% (2 of 10) at 12 hours. The parasite was not found in any hamsters at 24 hours. In O. viverrini-infected hamsters, marked infiltration of inflammatory cells, especially mononuclear cells and eosinophils, was observed around the parasites 6 hours after treatment with praziquantel ( Figure 2B and C) . Accumulation of inflammatory cells was also observed in inflamed areas surrounding the worm and persisted for 24 hours after drug administration. In addition, only slight infiltration of inflammatory cells was found in periductal areas of O. viverrini-infected hamsters not treated with praziquantel ( Figure 2A) .
In O. viverrini-infected hamsters treated with praziquantel, increased numbers of mast cells were observed around inflammatory areas ( Figure 2G , H, and I) than in O. viverriniinfected hamsters not treated with praziquantel ( Figure 2E and F). The number of mast cells observed in the inflammatory areas around bile ducts was 33.44 ± 7.92, 35.88 ± 10.89, and 45.33 ± 11.12 at 6, 12, and 24 hours after drug treatment, respectively. A total of 11.38 ± 1.56 cells were present in O. viverrini-infected hamsters at 0 hours that were not treated with praziquantel. Mast cell degranulation, characterized by a reduced number of intracellular granules, was observed more frequently in inflamed areas of the praziquantel-treated group ( Figure 2I ) than in those of hamsters not treated with praziquantel ( Figure 2F ). In contrast, no histologic change was observed in normal control and normal hamsters 12 hours after treatment with praziquantel ( Figure 2D) . Figure 3 shows expression of iNOS and NF-B in livers of hamsters infected with O. viverrini and the effect of praziquantel treatment.
Effect of praziquantel on expression of iNOS and NF-B in livers of O. viverrini-infected hamsters.
Co-localization of iNOS and NF-B expression was observed in the epithelium of bile ducts and inflammatory cells at 6-24 hours post-treatment (Figure 3) . Immunoreactivity of NF-B was observed mainly in the nucleus, whereas iNOS was observed in the cytoplasm of bile duct epithelial and inflammatory cells in the post-treatment groups. In animals not treated with praziquantel, there was weak immunoreactivity of NF-B and iNOS in the bile duct epithelium and inflammatory cells. No or weak immunoreactivity of iNOS and NF-B was observed in the liver of normal hamsters 12 hours after treatment with praziquantel.
Increased iNOS, NF-B, and antioxidant enzyme mRNA expression in livers of O. viverrini-infected hamsters after praziquantel treatment. To confirm the expression of iNOS, NF-B, and antioxidant enzyme genes, we performed RT-PCR with primers designed from homologous regions in published sequences of other species, as shown in Table 1 . A high level of sequence conservation of cloned cDNA fragments confirmed their identity. The sequences were compared with published sequences of rat, mouse, and human genes. The cloned hamster sequence showed the greatest homology to rat and mouse sequences, not to human sequence, as summarized in Table 1 . Figure 4 shows the time profiles of mRNA expression of iNOS, NF-B, and antioxidant enzymes in livers of O. viverrini-infected hamsters after short-term praziquantel treatment. After praziquantel treatment, iNOS mRNA increased 2.45 ± 0.57-, 4.69 ± 1.43-, 166.25 ± 9.21-, and 13.29 ± 6.75-fold for O. viverrini-infected hamsters at 0, 6, 12, and 24 hours post-treatment, respectively, compared with the normal con- trol group at the same time points (1.00 ± 0.19-, 1.07 ± 0.01-, 1.71 ± 0.03-, and 1.71 ± 0.95-fold, respectively). A significant increase in iNOS expression was observed at 12 hours (166.25 ± 9.21-fold; P < 0.001) compared with normal hamsters treated with praziquantel (1.71 ± 0.03-fold) ( Figure 4A ). In addition, iNOS mRNA expression in normal hamsters treated with praziquantel (1.07 ± 0.01-, 1.71 ± 0.03-, and 1.71 ± 0.95-fold at 6, 12, and 24 hours, respectively) was not different from that in normal controls.
NF-B mRNA expression increased 1.11 ± 0.14-, 2.13 ± 0.25-, 4.05 ± 0.12-, and 1.41 ± 0.06-fold for O. viverriniinfected hamsters groups at 0, 6, 12, and 24 hours posttreatment, respectively, compared with normal controls at the same time points (1.00 ± 0.25-, 1.27 ± 0.22-, 1.26 ± 0.18-, and 1.37 ± 0.02-fold, respectively). Expression of mRNA significantly increased at 6 hours (2.13 ± 0.25-fold; P < 0.05) and 12 hours (4.05 ± 0.12-fold; P < 0.001) compared with normal hamsters treated with praziquantel (1.26 ± 0.18-fold) ( Figure  4B ). In addition, NF-B mRNA expression in normal hamsters treated with praziquantel (1.27 ± 0.22-, 1.26 ± 0.18-, and 1.37 ± 0.02-fold at 6, 12, and 24 hours, respectively) was not different from that in normal controls.
Expression of SOD1, SOD2, SOD3, and CAT genes in livers of O. viverrini-infected hamsters after praziquantel treatment is shown in Figure 4C -F. In O. viverrini-infected hamsters after praziquantel treatment, mRNA expression showed a significant increase for SOD1 (1.85 ± 0.07-fold; P < 0.05), SOD2 (3.24 ± 0.43-fold; P < 0.01), SOD3 (2.35 ± 0.17-fold; P < 0.05), CAT (1.96 ± 0.06-fold; P < 0.01), and GPx (1.25 ± 0.04-fold; P < 0.01) at 12 hours than in normal hamsters treated with praziquantel (1.06 ± 0.22-fold for SOD1, 1.19 ± 0.30-fold for SOD2, 1.11 ± 0.20-fold for SOD3, 1.14 ± 0.18-fold for CAT, and 0.94 ± 0.05-fold for GPx). In addition, mRNA expression of SOD1, SOD2, SOD3, CAT, and GPx , and catalase (CAT) (F) to glyceraldehyde 3-phosphate dehydrogenase was studied by real-time reverse transcriptionpolymerase chain reaction analysis. Relative mRNA expression of NF-B in the livers of O. viverrini-infected hamsters increased significantly 6 hours after treatment with praziquantel, whereas mRNA expression of iNOS, SOD1, SOD2, SOD3, and CAT increased significantly 12 hours post-treatment. The level of mRNA expression of these genes was not changed in normal hamster livers for 6-24 hours post-treatment. Values on the ordinate represent the mean ± SE of three hamsters and the experiment was performed in triplicate. Statistical significance was analyzed using Student's t-test to compare the O. viverrini-infected hamsters and normal hamsters treated with praziquantel at the same time point. *P < 0.05; **P < 0.01; ***P < 0.001. genes in normal hamsters 6, 12, and 24 hours after treatment with praziquantel was not different from that in the normal control group.
Changes in biochemical parameters in O. viverrini-infected hamsters and effect of praziquantel treatment. Figure 5 shows the effect of praziquantel treatment on plasma nitrate level ( Figure 5A ), MDA ( Figure 5B), and FRAP ( Figure 5C ) in O. viverrini-infected hamsters. After praziquantel treatment, levels of nitrate increased compared with those in normal hamsters 6-24 hours after treatment. Levels of nitrate significantly increased 12 hours (23.66 ± 1.73 M; P < 0.001) and 24 hours (20.52 ± 1.70 M; P < 0.05) after treatment with praziquantel compared with levels in normal hamsters after treatment (14.36 ± 1.08 M at 12 hours and 14.78 ± 0.77 M at 24 hours). The highest level of plasma nitrate was observed at 12 hours and tended to decrease by 24 hours. In addition, the level of plasma nitrate in O. viverrini-infected hamsters not treated with praziquantel (14.34 ± 1.61 M) was not different from that in normal controls (13.97 ± 1.08 M).
Figure 5B shows the effect of praziquantel treatment on the plasma level of MDA, an oxidative biomarker, in O. viverriniinfected hamsters during short-term treatment. After praziquantel treatment, the MDA level in the plasma increased at 6-24 hours post-treatment compared with that in normal hamsters. The MDA levels significantly increased 6 hours (0.68 ± 0.09 M; P < 0.05), 12 hours (0.92 ± 0.05 M; P < 0.001), and 24 hours (0.90 ± 0.07 M; P < 0.01) after treatment compared with levels in normal hamsters post-treatment (0.31 ± 0.02 M at 6 hours, 0.32 ± 0.02 M at 12 hours, and 0.30 ± 0.01 M at 24 hours). The highest level of MDA in the plasma was observed at 12 hours after treatment. In addition, the level of plasma MDA in O. viverrini-infected hamsters not treated with praziquantel (0.55 ± 0.07 M) was not significantly different from that in normal controls (0.34 ± 0.05 M). Figure 5C shows the effect of praziquantel treatment on the plasma level of FRAP in O. viverrini-infected hamsters during short-term treatment. The FRAP level was increased compared with that in normal hamsters at 6-24 hours posttreatment. This level gradually increased 6 hours posttreatment, reached its peak at 12 hours, and then decreased at 24 hours. The FRAP level significantly increased at 12 hours (737.92 ± 50.58 M; P < 0.001) and 24 hours (678.31 ± 36.76 M; P < 0.01) compared with that in normal hamsters (423.13 ± 22.85 M at 12 hours and 507.08 ± 4.33 at 24 hours). In addition, the level of plasma FRAP in O. viverrini-infected hamsters not treated with praziquantel (471.42 ± 47.49 M) was not significantly different from that in normal controls (356.75 ± 57.57 M).
DISCUSSION
We have shown that short-term praziquantel treatment induces dispersion of parasite antigens, which induce recruitment of inflammatory cells, including eosinophils and mast cells, and result in expression of iNOS, NF-B, and antioxidant enzymes related to oxidative and nitrative stress in O. viverrini-infected hamsters. Praziquantel treatment increased iNOS expression and NF-B activation in the bile duct epithelium and inflammatory cells, which is supported by an increase in plasma levels of nitrate, end products of NO. Immediately after NO is produced it rapidly reacts with superoxide anion (O 2
•− ) to form highly reactive peroxynitrite Praziquantel may have an indirect effect on inflammatory cell infiltration through O. viverrini antigen-mediated inflammation. Interestingly, after praziquantel treatment, O. viverrini antigen was identified in not only the parasites but also bile duct epithelium around the destructive parasites, and antigen remained only in the parasites in hamsters without drug treatment. Localization of the antigen in hamsters infected with O. viverrini is consistent with results of a previous report. 16 These findings suggest that the drug disrupts the surface membrane of the parasite and releases its antigen, which can affect the action of immune cells of the host. 22 Localization of parasite antigen was associated with accumulation of inflammatory cells, especially eosinophils and mast cells. These cells migrated close to the tegument of the parasite. This migration was predominately observed starting at 6 hours post-treatment. A parasite antigen-mediated immunologic process may be involved in the side effects of praziquantel, as suggested by results of a previous study. 23 Eosinophils and mast cells, which are effective in host defense against parasites, generate free radicals, which are important in the pathogenesis of allergic inflammation. 24 In O. viverriniinfected hamsters, antigen was distributed in the bile duct epithelium at 6 hours post treatment, and the expression of iNOS and antioxidant enzymes began to increase at 6 hours and reached maximal levels at 12 hours. These results suggest that praziquantel triggers the release of antigens, which mediate expression of iNOS and antioxidant enzymes. This suggestion is supported by similar mechanisms observed in human schistosomiasis 25 and in Schistosoma japonicum-infected mice 26 treated with praziquantel. Therefore, praziquantel may show an indirect effect on the accumulation of inflammatory cells around parasites.
Increased NO production may be involved in an indirect effect after short-term praziquantel treatment in O. viverriniinfected hamsters. In this study, we demonstrated that praziquantel induces NF-B activation and iNOS expression at the transcription and protein levels in livers of O. viverriniinfected hamsters. Increased expression of iNOS mRNA was observed after 12 hours and coincided with expression of SODs. 27 We previously reported that O. viverrini infection strongly induces iNOS in bile duct epithelial cells and inflammatory cells. 6, 7 Activated NF-B regulates expression of iNOS. 28, 29 Recently, we reported that O. viverrini antigen induces expression of toll-like reptror 2 (TLR2), which leads to NF-B-mediated iNOS expression in a macrophage cell line. 30 NF-B was expressed through TLR and related molecules in cultured biliary epithelial cells treated with lipopolysaccharides. 31 These findings suggest that antigen released by praziquantel treatment triggers NF-B-mediated iNOS expression via a TLR-dependent pathway.
Transcription of mRNA of SOD1, SOD2, SOD3, CAT, and GPx increased 12 hours post-treatment and then showed a decrease at 24 hours. Expression of mRNA of antioxidant enzymes was associated with an increase in the plasma level of FRAP, probably because eosinophils and mast cells are accumulated in a short time and generate O 2
•− and hydrogen peroxide (H 2 O 2 ), which play an important role in induction of host defense against parasite infection. 32 The overproduction of ROS after short-term praziquantel treatment is supported by the increased plasma level of MDA.
Expression of antioxidant enzymes plays a key role in host defense against oxidative stress. 33, 34 The first line of antioxidant defense to overproduction of O 2
•− are SODs, which are derived from the cytoplasm (SOD1), mitochondria (SOD2), and extracellular regions (SOD3). Reactive oxygen species may induce NF-B-mediated SOD2 expression. 35 It is speculated that over-expression of SODs mRNA partially protect the liver from injury caused by increased reactive oxygen production. 35 Expression of CAT and GPx mRNA was also observed 12 hours after treatment, which suggests that these enzymes induce catalysis of H 2 O 2 into nontoxic substances (H 2 O and O 2 ). The increase in the expression of these antioxidant enzymes in response to oxidative stress is supported by results of a previous study. 34 Changes in gene expression of antioxidant enzymes in the liver and phospholipid structure of the cell membrane were accompanied by increases in liver damage in rats infected with Fasciola hepatica. 36 Therefore, our data suggest that the host responds to O. viverrini antigen-mediated acute injuries by activating antioxidant enzymes during short-term drug treatment.
In conclusion, the increase in expression of iNOS and NF-B in response to O. viverrini antigens are induced by shortterm praziquantel treatment in relation to oxidative and nitrative stress. In addition, expression of antioxidant enzymes would serve as a defense against oxidative stress. Therefore, this study may provide a basis for subsequent clinical trials in opisthorchiasis to investigate or prevent side effects induced by drug treatment in parasite-endemic areas.
